Positive-ion thermospray liqmd chromatography-mass spectrometry (TSP-LC-MS) 1s used to detect organic acids vra the direct inJection of untreated unne from newborns and infants. Two methods are reported for the separation of organic actds The separatron of unnary orgamc acids is effected in either an andic, pH 2.5 sulfuric acid, or a non-acidrc, 0 05 M ammonmm acetate, pH 6.8, mobile phase. Use of pH 2.5 sulfurrc acid and an HPX-87H organic acid column produces better separation but has less sensmvity than the use of 0.05 M ammomnm acetate, pH 6.8 and a C,, column Posmve ion TSP-LC-MS has been used to detect methylmalomc acidurta, 3-hydroxy-3-methylglutaric aclduna, proptomc acrduria, isovaleric aciduna and arginmosuccmic acrdurla INTRODUCTION
INTRODUCTION
The direct analysis of untreated urme by high-performance liquid chromatography (HPLC) using an organic acid column with a pH 2.5 sulfuric acid mobile phase and an ultraviolet [1, 2] or a photodiode array detector [3-51 has proven to be a fast and effective way to detect organic acidurias in newborns and infants. There 1s no sample preparation and peak identification is based upon either retention time, retentron time and wavelength ratio, or the characteristic ultraviolet spectrum. However, these methods do not provide unambiguous peak identification. Mass spectrometric analysis of an HPLC effluent facilitates peak identrfication and enhances detection of organic acidurias. Mills et al. [6] have reported the detection of methylmalonic acid in the urine of a patient with methylmalomc aciduria using negative-ion plasmaspray LC-MS. In that study, the urine was directly injected onto an HPX-87H organic acid column with a pH 2.5 formic acid mobile phase.
We now report the use of positive-ion thermospray LC-MS (TSP-LC-MS) for the detection of organic acidurias. The system employs the direct injection of urine onto either an HPX-87H organic acid column with a pH 2 5 sulfuric acid mobile phase or a 5-pm C 18 column with a 0.05 A4 ammonium acetate, pH 6.8 mobile phase
EXPERIMENTAL

Chemicals
All reagent chemicals and organic acid standards were from Sigma (St. Louis, MO, USA ) and were used as received. HPLC water was from J. T. Baker (Phillipsburg, NJ, U.S.A.) and was filtered and sparged with helium prior to use.
Instruments
An HP-1050 HPLC system was connected to an HP-5988 single quadrapole mass spectrometer by an HP thermospray interface (Hewlett Packard, Palo Alto, CA, U.S.A.). An HP-1000 computer with RTE-A software was used for data collection and analysis.
Analysis of urine
A 0.02-ml aliquot of untreated urine was inJected either onto an HPX-87H (sulfonated polystyrene-divinylbenzene) organic acid column with a 3-cm HPX-87H guard column (Bio-Rad Labs, Richmond, CA, U.S.A.) with a pH 2.5 sulfuric acid mobile phase pumped at 0.8 ml/min, or onto a 5-pm, 22 cm x 4.6 mm 1.D Cl8 column with a 3 cm x 4.6 mm 1.D guard column (Brownlee Labs., Santa Clara, CA, U.S.A.) with a 0.05 M ammonium acetate, pH 6.8 mobile phase pumped at 0.8 ml/min. Both HPLC columns were maintained at 30°C by a column heater (Bio-Rad Labs.) and were preceded by the appropriate guard column. The thermospray probe was maintained at 112°C and the mass spectrometer was at 276°C. All analyses were run with the ionization filament on. A range of 10.5-365 a.m.u. was scanned for the total-ion-current (TIC) chromatogram. Extracted-ion profiling of ions extracted from the TIC was used for compound detection. The guard columns used permit at least 100 injections of untreated urine before they need to be replaced.
Sensitivity of TSP-LC-MS toward organic acids
Organic acids at concentrations of 0.02-1.0 mg/ml were injected onto the Cls HPLC column. The TIC chromatogram and the extracted-ion chromatogram (using the base peak of the TSP mass spectrum as the ion monitored) were recorded. From these chromatograms, the limit of detection (signal > 3 X noise) was between 50 and 500 pg/ml for TIC but for extracted-ion profiling was 5-50 pg/ml (see Table I ) Thus, extracted-ion profiling of ions extracted from the TIC is five to ten times more sensitive than the 105-365 a.m.u. TIC under these conditions. Mills et al. [B] reported that organic acids are not very responsive toward negative-ion plasmaspray MS in pH 2.5 formic acid. Using a pH 2.5 sulfuric acid mobile phase, we found the same to be true for positive-ion TSP-LC-MS. We did observe a linear relationship between the pH of the mobile phase up to pH 6.8 and the positive-ion TSP-MS response toward organic acids, oxocarboxyhc acids and carbohydrates.
The detector response is greater for carbohydrates and oxo- carboxyhc acids than for carboxyhc acids in the pH range from 2.5 to 6.8. The HPX-87H organic acid column cannot be used to separate organic acids with a non-acidic pH 6.8 mobile phase. Therefore, a new method for the separation of organic acids by HPLC was required. A 5-pm 22 cm x 4.6 mm ID Cls HPLC column with an 0.05 M ammonium acetate, pH 6.8 mobile phase was used to produce separation of compounds (Table II) characteristic of some representative inborn errors of metabolism (Table III). In this mobile phase, these compounds were five to ten times more responsive to positive-ion TSP-MS than in pH 2 5 sulfuric acid mobile phase. The detection limit for these compounds using positive-ion TSP-LC-MS in 0.05 M ammonium acetate, pH 6.8 is less than 100 pg/ml as shown m Table I . Gas chromatographic-mass spectrometric (GC-MS) analysis of the trimethylsilyl (TMS) derivative of these compounds, extracted form urine, has a detection limit of l-5 pg/ml for TIC [7] and lower for extracted-ion profiling for ion extracted from the TIC.
The urine from a three day-old female infant born to first cousm parents of Middle East origin who lapsed into a coma with profound metabolic acidosis due to 3-hydroxy-3-methylglutaric aciduria was analyzed by both HPLC and TSP-LC-MS. The UV chromatogram (190 nm) of the urme from this infant with 3-hydroxy-3-methylglutaric aciduria is shown in Fig IA. For HPLC analysis, the urine was directly injected onto a dual-column system [l] with pH 2.5 sulfuric acid as the mobile phase. The 17.4 min peak is uric acid and the 23.3 min peak is 3-methylglutaconic acid [4] . The positive-ion TSP-LC-MS chromatogram of this urine directly injected onto an HPX-87H organic acid column with a pH 2.5 sulfuric acid mobile phase is shown in Fig. 1B onto a 5-pm, 22 cm x 4.6 mm I.D. C 18 column with an 0.05 A4 ammomum acetate, pH 6.8 mobile phase is shown in Fig. 1C . 3-Hydroxyisovaleric acid, 3-hydroxy-3-methylglutaric acid and 3-methylglutaconic acid are detected and identified directly from the TSP mass spectrum of the peak or through the use of selected-ion monitoring (peak 1 consists of 3-hydroxy-3-methylglutaric acid and 3-methylglutaconic acid). Note the difference in scale of the detector in Fig. 1B  and C .
The positive-ion TSP-LC-MS TIC chromatogram of the urine from a metabolically stable six-year-old female who has isovaleric aciduria is shown in Fig. 2 . A large peak due to isovalerylglycme is observed in both solvent sytems.
The positive-ion TSP-LC-MS TIC chromatogram of the urine from a metabolically stable eight-year-old male who has propionic aciduria who was being treated with a 1 .O g/kg per day protein restriction diet is shown in Fig. 3 . Methylcitric acid and tiglylglycine are detected m both solvent systems.
A urine sample from a five-day-old female infant who presented with severe metabolic acidosis, lethargy, hypothermia and hyperammonemia was analyzed by TSP-LC-MS.
The positive-ion TSP-LC-MS TIC chromatogram from this infant with methylmalonic aciduria is shown in Fig. 4 . A large methylmalonic HPX-87H column with a pH 2.5 sulfuric acid mobde phase at 0 8 ml,'rnm; peak 1 is methylcltrlc acid and peak 2 IS tiglylglycme (B) C,, column with a 0 05 M ammomum acetate, pH 6 8 mobile phase at 0 8 ml/mm; peak i is metiiylcttrx a&. peak Z 1s urea, peak J IS creatmme and peak 4 IS tlglylglycme.
acid peak 1s observed in both solvent systems. In addition, methylcitrlc acid is seen in the ammonium acetate mobile phase (Fig. 4B) . The positive-ion TSP-LC-MS TIC chromatogram using 0.05 M ammonium acetate as the mobile phase of the urine from a three-day-old female infant who has argininosuccimc aciduria is shown in Fig. 5A . The Infant was hospitalized with a one-day history of poor feeding, lethargy progressing to coma and an ammomum of 1170 pmol/l (normal < 35 pmol/l) The mobile phase used, pH 2.5 sulfuric acid, would protonate argininosuccinic acid and make it incompatible with an HPX-87H organic acid column. Fig. 5B shows the extracted m/z 256 selected-ion monitoring profile of argminosuccinic acid; m/z 256 represents a loss of water and ammonia from the protonated molecule (M + H+ -Hz0 -NH3).
Extracted-ion profiling of ions extracted from the TIC may be used to increase the sensitivity of the method and to facilitate identification of co-eluting compounds. The ions extracted from the TIC should represent the base peak in the positive-ion TSP mass spectrum of each compound (Table II and IV) .
At pH 2.5, the amino moiety of an amino acid is protonated, thus preventing HPX-87H column with a pH 2 5 sulfuric acid mobile phase at 0.8 ml/mm, the peak at 7.0 is methybtric acid and peak 1 IS methylmalomc acid (B) C,, column with a 0.05 M ammomum acetate, pH 6.8 mobde phase at 0.8 ml/nun, peak 1 IS methylcltric acid, peak 2 IS methylmalomc acid and urea and peak 3 is creatinine.
the amino acid from traversmg the HPX-X7H organic acid column. Amino acids, however, do traverse the C18 column in the ammonium acetate mobile phase and are detectable by positive-ion TSP-MS. Urea is a major component of urine and is detected in the positive-ion TSP-LC-MS profile by both methods. In the sulfuric acid mobile phase on an HPX-87H column, urea elutes well after the compounds of metabolic importance (Table IV) . In the ammonium acetate mobile phase on a C18 column, urea elutes early in the chromatogram and may obscure some compounds of metabolic interest (Table II) . The TSP mass spectrum of urea is the same m both mobile phases and consists chiefly of the protonated hydrogen bonded dimer (2M + H+) and a small amount of the protonated hydrogen bonded trimer (3M+Hf). Monomeric urea (M = 60) may be present but is not observed in scans from 105 to 365 a.m.u.
The positive-ion TSP mass spectrum of organic acids in the sulfuric acid mobile phase consists of the protonation of the molecule (M + H+), the addition of the hydronium ion to the molecule (M + H30t) and an additional small amount of ions derived from protonation of the hydrogen bonded dimer (2M +H+). Oxocarboxylic acids and carbohydrates also produce ions from the loss of one or more water molecules from the protonated molecule (M + H+ -xHz0). Examples are shown in Table IV . In contrast, using 0.05 M ammonium acetate, pH 6.8, the positive-ion TSP mass spectrum of organic acids is dominated by the protonated molecule (M + Hf) and by the addition of the ammomum ion to the molecule (M + NH4'). Polycarboxylic acids such as methylcitric acid and dicarboxylic acids such as methylmalonic acid do not produce significant protonated molecular ion peaks (M + H ') but do produce M + NH4 + peaks as the base peak in then positive-ion TSP mass spectrum. Creatinine and 5oxoproline form the protonated monomer (M + H+) and the protonated dimer (2M + H+) in addition to a (M+NH4f) peak m their positive-ion TSP mass spectrum. Oxocarboxylic acids and carbohydrates produce M +NH,+ and M+NH,+ -HlO peaks [8] . Very little M-t Hf is formed in the positive-ion TSP mass spectrum of these compounds (Table II) 0x0 compounds were much more responsive toward posittve-Ion TSP-MS than non-oxo compounds in both mobile phases. Compounds such as uric acid and erotic acid (6carboxyuractl)
were not detected by positive-ion TSP-MS m either mobile phase.
Mills et al. [6] did not report the detection of carbohydrates in the negative-ion plasmaspray LC-MS analysis of urine using pH 2.5 formic acid and an HPX-87H organic acid column. We were able to detect urmary carbohydrate in the positiveIon TSP-LC-MS profiles in either mobile phase, but there was little separation of these monosaccharides.
Glucose, galactose and fructose co-elute and ribose and xylose co-elute on either the HPX-87H or the Cl8 column. Thus, this system appears to have limited usefulness in the diagnosis of disorders of carbohydrate metabolism.
Major technological advances have resulted m continued improvement in the diagnosis and care of infants born with inborn errors of metabolism. Disorders of organic acid metabolism result from defects in the oxidation of the carbon skeleton of ammo acids after transamination.
Detection of these extracted organic acids has relied upon GC-MS analysis of their TMS derivative. Since rapid diagnosis is crucial to a good clinical outcome, we have emphasized methods with little or no sample preparation. The combination of MS with the resolving capacity of HPLC affords an optimal system for such analyses.
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